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RoughnessThe NiTi shape memory alloys (SMA) are employed in various applications, thanks to its speciﬁc mechanical
properties. However, for many applications, it is interesting to improve its surface mechanical resistance to
tribological or chemical attacks. This work aims to analyze the effects of nitrogen plasma based ion
implantation (PBII) technique on the surface of NiTi produced by electron beam melting (EBM). The samples
were treated for 120 min (550 °C and 770 °C) and 360 min (550 °C), with 16 kV high voltage pulses. The
surfaces were analysed by X-ray diffraction (XRD), white light interferometry (WLI) and glow discharge
optical emission spectrometry (GDOES). In addition tomartensitic and austenitic NiTi, the XRD analysis shows
the appearance of titanium nitride TiN and Ni3Ti phase in the PBII treated samples. Whereas the untreated
specimen presents a RMS roughness RRMS around 16 nm, the PBII treatments were shown to increase it, from
44 nm, at 550 °C, to 82 nm at 770 °C. The nitrogen incorporation ranges from 150 nm (at 550 °C, whatever the
duration), up to more than 500 nm (770 °C) thanks to temperature activated diffusion. The increase of RRMS
may be explained by the sputtering effect but it may be linked to the presence of a buried oxi-nitride phase
grown by diffusion at higher temperature.Aeronáutica, ITA. Divisao de
rocessos, Praça-Mal. Eduardo
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47 5887.
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The NiTi shape memory alloys (SMA) is a promising material that
is widely used in several areas like aerospace, nuclear, automotive,
robotics, medical and others areas due to its good mechanical
properties, shape memory effect and superelasticity [1,2]. It is highly
interesting as a biomedical material, taking into account its properties
such as shape recovery when deformed beyond its elastic limit,
either by heating (shape memory effect) or by applied load release
(pseudoelastic effect) [3,4].
The alloy used in this work (Ti-55.3 wt.% Ni) was produced by ITA
group, using the Electron Beam Melting (EBM) process, by which the
contamination by carbon is completely eliminated, since melting is
done in a water-cooled copper crucible, moreover the contamination
by oxygen is minimized thanks to operation in high vacuum with
chamber internal pressure less than 10−2 Pa [5,6].
Nitrogen Plasma Based Ion Implantationwas already shown to be a
successful surface modiﬁcation process to increase the wear resis-
tance of materials [7–9]. PBII is an advanced technique that allows
three-dimensional ion implantation in complex shape work-pieces,with no dimensional change of treated components. As no ﬁlm is
deposited, delamination is avoided [10,11].
The roughness is a very important factor for many considered
applications, such as dental prosthesis, where it can affects the
effectiveness of sliding mechanics and the corrosion behavior of
orthodontic components [12,13]. Whereas PBII usually increases the
materials roughness, it signiﬁcantly decreases their friction coefﬁcient
[7–9], which is a very important factor of sliding mechanisms too. On
the other hand, there are some applications where a higher roughness
is required: Wirth C. et al. showed that it helps to stimulate the cell
proliferation and it has not any inﬂuence on neither the osteoblasts
morphology nor their adhesion [14].
2. Experimental Procedures
The NiTi samples disks of 15 mm in diameter and 2 mm thick,
produced by EBM process, were polished down to mirror-like quality,
down to RMS roughness around 16 nm. The initial ingot production by
EBM can be seeing elsewhere [5] and its chemical composition was,
55.3 wt.% Ni, 0.016 wt.% C, 0.070 wt.% O and 0.005 wt.% N. Nitrogen
PBII experiments were performed in the home-made TAPIIR set-up
(thermally assisted plasma ion implantation reactor), whose scheme
was previously described in details [15,16].
The specimens were treated at temperatures of 550 °C or 770 °C,
during 120 or 360 min, with the conditions presented in Table 1. The
working temperature was reached after 1 h heating under vacuum
Table 1
Conditions of treatment, nitrided thickness and surface RMS roughness of the initial reference sample and the PBII treated samples.
Sample Pulse high voltage (kV) Frequency (Hz) Pulse (μs) Temperature (°C) Time (min) Estimated dose (N /cm²) Nitrided depth (nm) RMS Roughness (nm)
#1 Initial NiTi sample 16
#2 16 500 / 200 32–39 550±15 120 1.7E18 150 44
#3 16 500/200 32–39 550±20 360 5.0E18 150 51
#4 16 200 32–39 770±15 120 7.2E17 200+300 82
210 M.M. Silva et al. / Surface & Coatings Technology 211 (2012) 209–212(base pressure below 10−4 Pa) with the external furnace surrounding
the quartz tube reactor and also helped by additional energy brought
by the plasma excitation and, above all, by the ions implantation. It
became stable after less than 20 min of operating PBII and was
monitored by a thermocouple attached just under the treated
samples. The PBII high voltage pulses frequency and length were
manually adjusted to maintain a constant operating temperature
during the whole treatment. The atomic nitrogen dose implanted
in the sample was evaluated from the pulse current, by taking into
account only N2+ ions in the plasma and a secondary electronic
emission coefﬁcient of 4 (previously estimated for the Ti6Al4V
material of the sample holder [17]). After the treatment, the samples
were allowed to cool down to room temperature under vacuum. The
total heat treatment and/or the Ni:Ti ratio modiﬁcations due to the
nitrided compounds formation may have an important effect on the
microstructure, with appearance of various possible phase (Ni3Ti,
TiNi3, Ni4Ti3, Ti4Ni2O,…) and the possible increase of the martensitic
to austenitic phases transitions temperature [18,19]. If the carbon and
oxygen content increase the reverse effect could happen once the
carbon in excess form TiC and Oxygen may form Ti4Ni2O increasing
the relation nickel to titanium, that is, the martensitic transforma-
tion temperature decreases [20,21].
The samples microstructure was analyzed by X-ray Diffraction
(XRD) with CuKα X-ray wavelength, in Bragg-Brentano geometry.
White Light Interferometry (WLI), with a Talysurf CCI 6000 3D optical
proﬁler operating with Mireau interference objectives and white light
source, was used to study the surface morphology and roughness. The
investigated areas were 900×900 μm2 (with X20 objective), with
lateral resolution lower than 1 μm and expected vertical resolution of
about 0.1 nm. Images were numerically processed using Talymap
software V4.1 thus providing 3D proﬁles of large areas. The nitrogen
incorporation and the elemental concentration proﬁles were mea-
sured by Glow Discharge Optical Emission Spectroscopy (GDOES)
performed on a Jobin-Yvon-Horiba GD-Proﬁler.Fig. 1. XRD proﬁles of untreated and treated samples.3. Results
After PBII treatment the surfaces presents dark gold-like color
thatmay be indicative of titaniumnitride and/or oxi-nitride formation
at the surface. Fig. 1 depicts the XRD diagrams obtained on the dif-
ferent samples. The initial material is not highly homogeneous and
presents several peaks, with various intensities depending on the
X-ray probed zone. The detected peaks can be attributed to the
monoclinic martensitic NiTi phase (JCPDS 35-1281) or to the cubic
austenitic NiTi phase which has the more intense peaks [22]. After
the PBII treatments, the martensitic proportion has increased as
shown by the higher intensity of its relative peaks. Moreover new
peaks or shoulders appear at 2θ values of 42.3° (shoulder), 42.65°
(shoulder), 43.4° (peak), 44.4° (peak) and 46.5° (peak); most of them
are more visible on the XRD diagram of the sample #4, nitrided at
770 °C. The shoulder at 42.3° and the peaks at 43.4° and 46.5° can be
attributed to the hexagonal Ni3Ti (201), (004) and (202) (JCPDS
75-878) respectively; the shoulders at 42.65° may be relative to
titanium nitride phases TiN(200). The peak at 44.4° was not
identiﬁed; it might be relative to an oxide or oxy-nitride phase, or
to another kind of NixTiy phase precipitates (e.g. Ni4Ti3 [19], how
about Ti4Ni2O, complex oxide).
The thickness of nitrided layer, deduced from GDOES proﬁles
(Figs. 2–4), remains very thin, as indicated in Table 1. The PBII treat-
ments at 550 °C (samples #2 and #3) have very similar nitrogen and
oxygen chemical proﬁles (Figs. 2 and 3): nitrogen was incorporated
on a depth of about 150 nm; it is detected at deeper depth because of
the GDOES sputtering effects. Inside this surface layer, the nitrogen
concentration is close to 50 at%. As it was obtained in the untreated
sample (proﬁle not shown), the oxygen (resp. carbon) concentration
is decreasing from 40 at% (resp.6 at%) to 0 at% within the ﬁrst 200 nm;
oxygen and carbon are likely coming from the native oxide and the
surface contamination; they were dragged at so deep depth because
of the argon ions irradiation during the GDOES analysis. It has to be
noticed that no more nickel is present in this surface layer. Under-
neath, the nickel content was signiﬁcantly increased, up to Ni0
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Fig. 2. Elemental concentration proﬁles obtained by GDOES for sample #2, treated at
550±15 °C, for 120 min.
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Fig. 3. Elemental concentration proﬁles obtained by GDOES for sample #3, treated at
550±20 °C, for 360 min.
Fig. 5. 3D surface representation of NiTi untreated (#1, reference untreated sample).
Fig. 6. 3D surface representation of sample #2, treated at 550±15 °C, for 120 min.
211M.M. Silva et al. / Surface & Coatings Technology 211 (2012) 209–212(70 at%)/Ti (30 at%), instead of Ni (50 at%)/Ti (50 at%) in the bulk. This
modiﬁcation is detected on a thicker thickness with the 6 h treatment
(~300 nm) than with the 2 h one (~100 nm). Concerning the sample
#4 (770 °C, Fig. 4), a similar nitrogen-rich surface layer is observed on
about 200 nm. Below it, there is a titanium oxide layer (~200 nm),
with composition Ti0,3O0,55N0,1C0,05, without nickel, the oxygen likely
originating from the residual pressure. It is followed by an interme-
diate layer (~400 nm) with high titanium content, increasing nickel
content, and decreasing nitrogen and oxygen gradient.
The 3D representations of the samples surface obtained by WLI
are shown in Figs. 5–8; the calculated RMS roughness (RRMS) are
presented in Table 1. The reference sample shows the smoothest
surface (Fig. 5) with RRMS of 16 nm; it increases to 44 nm and 50 nm
for the samples nitrided at 550 °C for 2 h and 6 h, and reaches 82 nm
for the sample nitrided at 770 °C for 2 h.
4. Discussion
The fact that no nitride phase can easily be evidenced by XRD is
consistent with the very thin thickness of the nitrogen-rich layer
(≤200 nm). Moreover the relatively high content of oxygen detected
by GDOES can let think of the presence of an oxi-nitride phase, instead
of pure TiN. It may explain the unaffected XRD peak at 44.4°.
The nickel rich region below the surface layer is consistent with
the presence of Ni3Ti peaks in the XRD diagram of the PBII treated
samples [23]. Following the conclusions of Lutz et al. [24], the surface0
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Fig. 4. Elemental concentration proﬁles obtained by GDOES for sample #4, treated at
770±15 °C, during 120 min.nitrided zone, depleted in nickel, is formed by inward diffusion of
nitrogen and by the diffusion towards the bulk of the nickel cations.
The driving force is brought by the highly favorable nitriding (and
oxidizing) reactions of titanium compared to the ones of nickel. The
preferential sputtering of nickel due to ions bombardment likely
brings a contribution to the depletion in nickel at the surface too.
However, if it was the only one reason, the nickel rich zone below the
nitrided surface would not exist.
The same nitrided thickness (~150 nm) is obtained with the 2 h
and with the 6 h PBII treatments at 550 °C. However, the nickel rich
layer below the surface nitride obtained with the 6 h treatment is 3
times thicker than with the 2 h treatment. This is an evidence of the
higher amount of nickel which has diffused toward the bulk during
this longer time. As the nitrided layer is not thicker, it means that
there was a signiﬁcant sputtering due to the ion bombardment which
compensates more or less the diffusion mechanism. The sputtered
thickness was naturally thicker with the 6 h treatment than with the
2 h one; it is indeed proportional to the implanted ﬂuence, which is
effectively 3 times higher (Table 1). Moreover the roughness is almost
the same after 2 and 6 h, which means that it has already reached a
steady-state condition after 2 h and does not evolve further because of
the sputtering.
Concerning the treatment at 770 °C, similar mechanisms are
involved: nitriding of the surface within the implantation range,Fig. 7. 3D surface representation of sample #3, treated at 550±15 °C, for 360 min.
Fig. 8. 3D surface representation of sample #4, treated at 770±15 °C, for 120 min.
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creation of a buried nickel rich zone. Additionally, because of the
higher temperature, diffusion of nitrogen and residual oxygen is
enhanced: oxygen and nitrogen are here found in a deeper region,
with a decreasing gradient up to about 1 μm. However, it leads
preferentially to an oxygen-rich layer likely because of the higher
reactivity of titanium with oxygen than with nitrogen.
The growth of this oxi-nitride underlayer is likely responsible of
the higher roughness value observed after the 770 °C PBII treatment
because of the difference of the atomic volume between the metallic
material and the oxinitride. The presence of buried Ni3Ti precipitates
may also involve some elastic or plastic deformation and may par-
ticipate to the increase of the surface roughness.
5. Conclusions
Surfaces with different values of roughness were obtained with
nitrogen PBII treatment of NiTi SMA. Martensitic and austenitic NiTi
phases were detected by XRD analysis on the initial NiTi material.
The XRD diagrams of the treated samples have indications of TiN
and Ni3Ti phases; a new peak visible at 44.4° might be attributed to
oxide or oxi-nitride phases. Concerning the treatments at 550 °C, the
roughness (RRMS about 44–51 nm) is relative to the ion sputtering,
rapidly reaching a steady-state condition. The nitrided depth remains
limited to about 150 nmbecause of the competition between diffusion
and sputtering. With a higher temperature (770 °C) treatment, the
roughness is higher: a supplementary contribution is likely brought
by the growth of an oxi-nitrided phase, buried underneath the nitridedimplanted layer. This new layer is due to the enhanced diffusion at
higher temperature and to the higher oxygen reactivity with titanium.
Moreover the GDOES chemical proﬁles have clearly shown a chemical
segregation, leading to a nickel-free nitride phase at the surface, and
to a nickel enriched layer (likely with Ni3Ti) before reaching the
bulk material. These two aspects should decrease of nickel release
from the surface [25] contributing in the sense to use NiTi shape
memory alloy as a biomaterial.Acknowledgements
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